Abstract: Non-destructive soil water content determination is a fundamental component for many agricultural and environmental applications. The accuracy and costs of the sensors define the measurement scheme and the ability to fit the natural heterogeneous conditions. The aim of this study was to evaluate five commercially available and relatively cheap sensors usually grouped with impedance and FDR sensors. ThetaProbe ML2x (impedance) and ECH 2 O EC-10, ECH 2 O EC-20, ECH 2 O EC-5, and ECH 2 O TE (all FDR) were tested on silica sand and loess of defined characteristics under controlled laboratory conditions. The calibrations were carried out in nine consecutive soil water contents from dry to saturated conditions (pure water and saline water). The gravimetric method was used as a reference method for the statistical evaluation (ANOVA with significance level 0.05). Generally, the results showed that our own calibrations led to more accurate soil moisture estimates. Variance component analysis arranged the factors contributing to the total variation as follows: calibration (contributed 42%), sensor type (contributed 29%), material (contributed 18%), and dry bulk density (contributed 11%). All the tested sensors performed very well within the whole range of water content, especially the sensors ECH 2 O EC-5 and ECH 2 O TE, which also performed surprisingly well in saline conditions.
Introduction
Non-destructive soil water content determination is a fundamental component of agricultural applications such as precision agriculture and irrigation scheduling [1, 2] . Several techniques exist for automated continuous point-scale soil water content measurements. For field application and sensor network realization, the costs of a single sensor need to be minimized and the lifetime needs to be maximized [3] . This study is focused on techniques based on dielectric characterization of the soil. Soil dielectric permittivity determination is applied in a variety of soil water sensing probes like Time Domain Reflectometry (TDR) [4] [5] [6] [7] and Frequency Domain Reflectometry (FDR) [8] [9] [10] [11] [12] [13] . Two publications related to sensors and their calibration and measurement accuracy for different soil conditions and influence of organic matter content were presented in 2016 [14, 15] . Of these two methods, FDR is the more recent method and offers relatively accurate measurements for reasonable the change in sensor output to a change of the quantity to be measured [34] . Repeatability (sometimes called reproducibility) can be described as the degree to which an experiment can be accurately replicated by someone else. It can be used to describe the ability of a sensor to provide the same result under the same circumstances [36] . Precision is usually defined as the ability of a measurement to be consistently repeated. An ideal sensor would measure exactly the same value for a number of repeated measurements. The real sensors output a range of values spread close to the actual correct value [35] . The accuracy of the sensor can be defined as the maximum difference that will exist between the measured value and the true (real, actual) value determined by a standard reference procedure [35] . In other words, it is the ability of a measurement to match the actual value of the measured quantity.
In this study, the performance of five soil water content sensors, (i) impedance soil water probe ThetaProbe ML2x (Delta-T Devices, Ltd., Cambridge, UK); and FDR (ii) ECH 2 O EC-10; (iii) ECH 2 O EC-20; (iv) ECH 2 O EC-5; and (v) ECH 2 O TE (Decagon Devices Inc., Pullman, WA, USA), was evaluated in terms of the accuracy in comparison with a standard gravimetric method to determine the water content in soils. Although a new version of ThetaProbe (ML3) and new sensors made by Decagon are being produced, the tested sensors are still widely used in praxis and research. Factory-set and our own calibration equations were applied in order to evaluate the ability of the sensor to determine the water content of artificially prepared soil profiles of three different dry bulk densities. The sensors were tested in two porous materials (silica sand, loess) and the effect of electrical conductivity was also considered. The use of silica sand ensured repeatable creations of profiles of different water contents/electrical conductivity, so the accuracy of the measurement was not affected by other factors such as the non-homogeneity of the profiles. The effect of temperature was minimized by performing the experiments under controlled laboratory conditions at a constant temperature of 20 • C.
Materials and Methods

Methods to Determine Soil Water Contents
Referential Method
The water content determination by standard gravimetric method was used in this study [37] . Standard cylindrical sampling rings of 100 cm 3 were taken, weighed, and dried in an oven at 105 • C until they reached a constant weight. The mass of water present in the sample is given by the difference in mass between the wet and dry sample. Water content by mass is defined as the mass of water divided by the mass of dry soil. The conversion into volumetric equivalent can be done by multiplying the gravimetric water content by the dry bulk density of the sample, with a knowledge of water density (the density of water was assumed to be 1.0 g·cm −3 ). The volumetric water content was calculated using Equation (1) :
where ρ b (M·L −3 ) is the dry bulk density to which the material is packed, and m w (M) and m d (M) are the wet and dry material samples taken from the container.
Instrumental Methods
ThetaProbe ML2x (Delta-T Devices Ltd., Cambridge, UK)
ThetaProbe ( Figure 1 ) is a commonly used impedance sensor that generates 100 MHz sinusoidal signal and outputs the measured impedance of the sampling medium as an analogue DC voltage between 0 and 1 V for a range of dielectric constant, ε, between 1 and 32, corresponding to a volumetric water content of approximately 0.5 m 3 ·m −3 . ThetaProbe consists of a waterproof housing containing an electronic circuit and an array of four parallel stainless steel rods (3 mm in diameter and 60 mm long). The sampling volume is defined by the dimensions of the probe: a cylinder of 40 mm in diameter and 60 mm long surrounding the centrally located signal rod (volume of approximately Sensors 2016, 16, 1912 4 of 22 75 cm 3 ). The impedance of this array corresponds with the impedance of the soil, which has two components, apparent dielectric constant and ionic conductivity. The effect of ionic conductivity was minimized by employing a frequency of 100 MHz and thus the soil impedance changes depend almost solely on the apparent dielectric constant of the soil. The apparent dielectric constant of the soil is determined by the soil moisture, because the dielectric constant of water (~81) is much higher than the soil particles (3) (4) (5) and that of the air (1) . The details of the measuring technique can be found in the works of Gaskin and Miller [10, 12] .
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The relationship between ThetaProbe output (V) and square root of dielectric constant (  ) can be fitted by a linear or third-order polynomial relationship (Equations (2) and (3)):
The relationship between water content θ and ThetaProbe voltage output V was defined as follows:
where a0 and a1 are 1.6 and 8.4, respectively, for mineral soil.
The manufacturers rated the accuracy of this generalized calibration at ±5.0% of volumetric water content [33] . To minimize the error in the generalized calibration, the manufacturer recommends using a soil-specific (own) calibration. According to the manufacturer, by executing a soil-specific calibration, the rated accuracy increases up to ±1.0% of volumetric water content θ. To perform a soil-specific calibration, the manufacturer recommends two different approaches: (i) a two-point technique and (ii) direct regression analysis.
(i) A two-point technique requires two raw output readings, one for the initially moist sample and the second for the dried sample (θ ≈ 0). Calibration coefficients a0 and a1 are determined from the wet and dry readings compared to the water contents determined by a referential (gravimetric) method. If the volumetric water content θ ≈ 0, the value of a0 is equal to 0  , which can be directly calculated by substituting the probe raw output from the dry sand/soil according to Equations (2) or (3). Then, after calculating the w  for the wet material and substituting it into the following formula together with the known values of a0 and θ, a1 can be obtained from the following equation: Figure 1 . ThetaProbe scheme and dimensions [33] .
The relationship between ThetaProbe output (V) and square root of dielectric constant ( √ ε) can be fitted by a linear or third-order polynomial relationship (Equations (2) and (3)):
where a 0 and a 1 are 1.6 and 8.4, respectively, for mineral soil. The manufacturers rated the accuracy of this generalized calibration at ±5.0% of volumetric water content [33] . To minimize the error in the generalized calibration, the manufacturer recommends using a soil-specific (own) calibration. According to the manufacturer, by executing a soil-specific calibration, the rated accuracy increases up to ±1.0% of volumetric water content θ. To perform a soil-specific calibration, the manufacturer recommends two different approaches: (i) a two-point technique and (ii) direct regression analysis.
(i) A two-point technique requires two raw output readings, one for the initially moist sample and the second for the dried sample (θ ≈ 0). Calibration coefficients a 0 and a 1 are determined from the wet and dry readings compared to the water contents determined by a referential (gravimetric) method. If the volumetric water content θ ≈ 0, the value of a 0 is equal to √ ε 0 , which can be directly calculated by substituting the probe raw output from the dry sand/soil according to Equations (2) or (3). Then, after calculating the √ ε w for the wet material and substituting it into the following formula together with the known values of a 0 and θ, a 1 can be obtained from the following equation: With known values of a 1 and a 0 , the volumetric water content can be calculated using Equation (4) for linear conversion and using Equation (5) for polynomial conversion of ThetaProbe output in V to √ ε. (ii) The direct regression analysis relates the raw probe output and the volumetric water content determined by the gravimetric method. Although Delta-T dataloggers are able to store a linear or non-linear conversion characteristic permanently in their software using a linearization table, an Excel spreadsheet) was used to develop the calibration equations (linear and third-order polynomial type) in this study.
Sensors from the ECH 2 O Family (Decagon Devices Inc., Pullman, WA, USA)
Sensors from the ECH 2 O family are widely available and use devices employing capacitance technique to determine the soil water content. In principal, the capacitance technique of soil water content determines the dielectric permittivity of the medium by measuring the charge time of a capacitor, using the soil as a dielectric medium. All sensors from the ECH 2 O family determine water content by using a dielectric measurement; the ECH 2 [24] . The manufacturer declared a 2-cm zone of influence with respect to the flat surface with very little or no sensitivity at the extreme edges of the probes [38] . Considering the dimensions, the sampling volume for ECH 2 O EC-10 can be approximated to 125 cm 3 , and 250 cm 3 Table 1 .
In this study, the standard calibration procedure for capacitance probes based on [40] was used. The calibration equations derived for sensors from the ECH 2 O family use a linear regression analysis of the results from gravimetrically determined volumetric water content and probe raw output readings. The simple general model is given as (Equation (7)):
where C is a constant, intercept of the linear regression line, and m is the slope of the regression line, while Y is the soil volumetric water content θ(-) and X is the raw output reading of the probe (RAW). This calibration model is the one that is consistently used by the manufacturer. where C is a constant, intercept of the linear regression line, and m is the slope of the regression line, while Y is the soil volumetric water content θ(-) and X is the raw output reading of the probe (RAW). This calibration model is the one that is consistently used by the manufacturer. Table 1 . Factory calibration equations for sensors from the ECH2O family using Decagon datalogger (Equations (8)- (11)). 
Sensor Type Calibration Equation Equation Number
Experimental Setup
As is indicated by the manufacturers, conducting soil-specific calibration following the recommended procedures increases the possibility of achieving better accuracy in volumetric soil water content measurements. Due to this fact and in order to compare the results from this work with the data provided by the manufacturers, precise application of the recommended procedures was maintained. In this study, both types of sensors (from the ECH2O family and ThetaProbe), were calibrated in laboratory conditions with a constant temperature of 20 °C for two porous materials; (i) silica sand and (ii) loess. The silica sand (produced by Sklopísek Střeleč, a.s., Czech Republic) had a high content of SiO2 (about 98.6%) and its particle size ranged from 0.063 to 0.400 mm with a mean diameter of 0.14 mm. The particle density of 2.65 g·cm −3 was determined by the water pycnometer method. The loess (Haplic Chernozem, substrate loess) was taken from the experimental field of the Czech University of Life Sciences, Prague, Czech Republic. The field is located at an altitude of 286 m above sea level with latitude 50°08′ N and longitude 14°24′ E. The average surface dry bulk density measured at 5-cm intervals up to 20 cm depth varied from 1.3 to 1.5 g·cm −3 with average particle density of 2.5 g·cm −3 [41] .
The sieved material (particles smaller than 2 mm in diameter) was packed into a calibration container of rectangular shape with dimensions of 33 cm (length) × 23 cm (width) × 13 cm (height) with a volume of 10 L. The sand/soil was packed as homogeneously throughout the container as possible. The sand/soil was packed layer by layer in eight layers; each layer, about 1.6 cm thick, was packed and compacted into its defined volume and dry bulk density before adding the next one. The procedure to create rather homogeneous dry bulk density of sand/soil packing is almost identical to the procedure published several times in the scientific literature, for example in [23] . For sand, three different levels of dry bulk density were prepared for each tested sensor; (i) loose; (ii) moderate; and 
As is indicated by the manufacturers, conducting soil-specific calibration following the recommended procedures increases the possibility of achieving better accuracy in volumetric soil water content measurements. Due to this fact and in order to compare the results from this work with the data provided by the manufacturers, precise application of the recommended procedures was maintained. In this study, both types of sensors (from the ECH 2 O family and ThetaProbe), were calibrated in laboratory conditions with a constant temperature of 20 • C for two porous materials; (i) silica sand and (ii) loess. The silica sand (produced by Sklopísek Střeleč, a.s., Czech Republic) had a high content of SiO 2 (about 98.6%) and its particle size ranged from 0.063 to 0.400 mm with a mean diameter of 0.14 mm. The particle density of 2.65 g·cm −3 was determined by the water pycnometer method. The loess (Haplic Chernozem, substrate loess) was taken from the experimental field of the Czech University of Life Sciences, Prague, Czech Republic. The field is located at an altitude of 286 m above sea level with latitude 50 • 08 N and longitude 14 • 24 E. The average surface dry bulk density measured at 5-cm intervals up to 20 cm depth varied from 1.3 to 1.5 g·cm −3 with average particle density of 2.5 g·cm −3 [41] .
The sieved material (particles smaller than 2 mm in diameter) was packed into a calibration container of rectangular shape with dimensions of 33 cm (length) × 23 cm (width) × 13 cm (height) with a volume of 10 L. The sand/soil was packed as homogeneously throughout the container as possible. The sand/soil was packed layer by layer in eight layers; each layer, about 1.6 cm thick, was packed and compacted into its defined volume and dry bulk density before adding the next one. The procedure to create rather homogeneous dry bulk density of sand/soil packing is almost identical to the procedure published several times in the scientific literature, for example in [23] . For sand, three different levels of dry bulk density were prepared for each tested sensor; (i) loose; (ii) moderate; and (iii) compact packing. 1.35 g·cm −3 for testing of the ThetaProbe; (iii) Compact packing (CP) for sensors from the ECH 2 O family had an average dry bulk density of 1.40 g·cm −3 and 1.62 g·cm −3 for testing of the ThetaProbe. Two 10-L containers (see above) were prepared for each tested soil water content. Sensors from the ECH 2 O family were placed together into one container, while ThetaProbe was placed in the other one. Unfortunately, the same values of dry bulk densities were not reached in the second container where the ThetaProbe was tested. This fact made a direct comparison with the ECH 2 O sensors more difficult; however, three levels (LP, MP and CP) were observed. Attention was paid to the homogeneity of the bulk density evaluated, for comparison on three cores (applied classical "core method" for determination of dry bulk density) taken from a box of certain bulk density at the end of each sensor test (see again [23] ). For the Chernozem soil, only one level of dry bulk density was prepared and evaluated, an average of 1.20 g·cm −3 . This value was difficult to obtain for higher soil water contents, namely 29% and 39% by volume, when values of dry bulk density reached 1.30 and 1.35 g·cm −3 ; the dry bulk density referred to in the remainder of the text as moderate packing (MP).
When the measurement was finished an undisturbed soil sample (100 cm 3 ) was taken from the surface at each soil water content step to check the soil water content and dry bulk density of each container. The sensors ECH 2 O EC-5, ECH 2 O TE, and ThetaProbe were inserted vertically from the surface into the filled container, while sensors ECH 2 O EC-10 and ECH 2 O EC-20 were fully buried horizontally. The insertion angle was thus an issue of difference. However, the effect of the insertion angle was tested using sand with a constant dry bulk density (CP with a value of 1.5 g·cm −3 ) and water content (15.0 vol %). No statistically significant difference was observed for insertion angle (vertical, horizontal) for each of the tested sensors (SD ranged from 0.0 to 0.68 mV for vertical installation and from 0.0 to 0.90 mV for horizontal installation). The main source of non-unified results can be attributed to the achieved level of homogeneity rather than to the insertion angle.
Special attention was paid to the sensor placement within the container; sensor dimensions, sampling volumes, and measurement ranges were taken into account to ensure unaffected measurements. A plastic spoon was used to dig a shallow trench in the half-full soil container for a full length of ECH 2 O EC-10 and ECH 2 O EC-20 sensors. The sensors were placed in the same depth (on the fourth soil/sand layer) next to each other, 5 cm from the plastic side of the container. Each sensor was set into its own trench with its long axis horizontally located and the flat plane of the probe oriented vertically. A small amount of sand or soil material was added over the probes and evenly packed on both sides of the probes. The same procedure was repeated until the probe was completely buried under the sand/soil material with the desired dry bulk density. Then the container was topped up again in layers. Then the ECH 2 O EC-5 and ECH 2 O TE sensors were fully inserted from the surface; there was a 3 cm thick soil/sand layer between the edges of the ECH 2 O EC-5 and ECH 2 O TE prongs and depth with plates of the ECH 2 O EC-10 and ECH 2 O EC-20 sensors (considering the 2-cm range of ECH 2 O EC-10 and ECH 2 O EC-20 sensors, 1 cm of maximal reach from the prongs' tips, and the 3 cm soil/sand layer) [38, 39] . Each sensor was also 5 cm from the plastic side of the container and 10 cm from each other [39] .
This packing procedure was repeated for eight different water contents for sensors from ECH 2 O family and for nine different water contents for testing the ThetaProbe for each type of packing. The standard method, which is recommended by Decagon Devices Inc. in their calibration procedure, was used. The soil moisture was changed in one direction only by step-by-step wetting and uniformly mixing throughout until it almost reached saturation, so the effect of the hysteresis could be neglected. After the probes were inserted, readings were taken with an Em50 datalogger (Decagon Devices, Inc., Pullman, WA, USA) for sensors from the ECH 2 O family and an HH2 moisture meter (Delta-T Devices Ltd., Cambridge, UK) for ThetaProbe. The data were collected as unprocessed output, raw reading, or voltage in mV and as volumetric water content in %, which was used in the quality evaluation of the factory calibration.
The performance of the probes was also studied with respect to their sensitivity to changes in the electrical conductivity of the sand. A solution prepared by dissolving 2 g of Sodium Chloride (NaCl) into distilled water was used to wet the silica sand packed to THE desired dry bulk density of (1.35 g·cm −3 ). The silica sand was wetted from its air dry water content up to near saturation and 6 to 7 points of soil water measurements were taken for different levels of water content. Then the same soil was allowed to air dry again, so the other set of measurements following the same wetting procedure was evaluating the probes' performance for more saline conditions. This procedure was repeated one more time to obtain three levels of sand salinity.
Sensor Performance Evaluation
The sensor performance was evaluated mainly with respect to accuracy, meaning how close the measured values of soil water content were in comparison with the "true" values determined by the reference method (volumetric water content based on the determination by the gravimetric method).
Absolute Difference (AD)
In the literature [42] , the absolute difference between two real numbers is defined as the distance on the real line between these two points. Doležal et al. [22] used the absolute difference for evaluation of measurement accuracy of ThetaProbe sensors. The absolute difference can be described by the following equation:
where θ real is the volumetric water content determined by multiplying the dry bulk density by the gravimetric sand/soil water content and θ measured is the volumetric water content determined by the particular soil water sensor based on the factory and our own calibration equations.
Standard Deviation (SD)
Standard deviation is one of the most used measures quantifying the amount of variation of a set of data, describing how tightly all the data are clustered around the mean of the dataset. Its value is strongly influenced by outlying values [43] . Standard deviation is expressed in the same units as the data being evaluated. A standard deviation close to 0 indicates that the data points tend to be very close to the mean value of the dataset, while a high value of standard deviation indicates that the data points are spread out over a wide range of values. The standard deviation of a sample of the population can be calculated as follows:
where θ is the water content under an evaluation, θ is the mean value of the data set (water content under evaluation), and n is the number of measurement points.
Root Mean Square Error (RMSE)
Root mean square error or root mean square deviation is a frequently used measure of the difference between the value predicted by a model and the "real" value actually observed. The root mean square error represents the sample standard deviation of the differences between predicted and observed values. The root mean square error was used as a measure of accuracy in different published works dealing with soil water content determination [3, 8, 44] . Root mean square error is a good measure of accuracy when comparing different models to predict only a particular variable, because it is a scale-dependent measure. Root mean square error can be calculated using Equation (14):
where θ real is the volumetric water content determined by multiplying the dry bulk density by the gravimetric sand/soil water content, θ measured is the volumetric water content determined by the particular soil water sensor based on the factory and our own calibration equations, and n is the number of measurement points.
Coefficient of Determination
Coefficient of determination is a measure used in statistical model analysis to evaluate how well a model explains and/or predicts future outcomes. It is used as an accuracy indicator for the applied model. In general, a model fits the data well if the differences between the observed values and the values predicted by a model are small and unbiased. The coefficient of determination can be defined as the percentage of the response variable variation that is explained by a model; its value in percentage is always between 0 and 100. In general, the higher the value the better the model fits the data; however, it cannot determine whether the coefficient estimates and predictions are biased [45] . The coefficient of determination is usually denoted as R 2 , r 2 , or R-square, referring to the squared value of correlation coefficient, r. The correlation coefficient measures the strength and direction of a relationship (linear) between two variables. The value of the correlation coefficient is between −1 and +1; the + sign is used for positive linear correlation, while the -sign is used for negative correlation. If there is not any or a weak correlation, the value of r is close to 0.
The mathematical formula for computing the correlation coefficient is as follows:
where x i is an independent variable, y i is a dependent variable, and N denotes the number of data pairs x i and y i .
Analysis of Variance (ANOVA)
Analysis of variance is a particular form of statistical hypothesis testing used in the analysis of experimentally observed data. It can be used as an explanatory tool to explain observations. The calculations of ANOVA can be characterized as computing a number of means and variances, dividing two variances and comparing the ratio to a "true" value to determine statistical significance. The effect of any treatment is estimated by taking the difference between the mean of the observations that receive the treatment and the general mean [46] . Analysis of variance is usually performed in order to confirm a statistically significant difference between groups on some variable. Analysis of variance on significance level α = 0.05 for RMSE values of soil water contents determined by gravimetric method and by tested sensor application was carried out in this study.
Results
Results for ThetaProbe ML2x (Delta-T Devices Ltd., Cambridge, UK)
The soil-specific calibration of the ThetaProbe was carried out for sand/soil material by both of the above described approaches: (i) a two-point technique and (ii) direct regression analysis. The factory and our own values of calibration constants a 0 and a 1 are described in the table below ( Table 2 ). The possible range of parameters a 0 and a 1 given by the manufacturer for mineral soils is between 1 and 2 for a 0 and between 7.6 and 8.6 for a 1 . Just on the basis of comparisons of obtained values of a 0 and a 1 for our own linear and our own polynomial calibrations for sand/soil material, no significant improvement of soil water determination was expected. Some of the values of a 1 were outside of the commonly obtained range of values. This is supported by higher values of RMSE for most of the water content data based on our own two-point calibrations (Table 3) . Based on the results, the determination of own parameters for the two-point calibration approach cannot be recommended for sand/soil materials tested in this study, as slightly less accurate results of soil water content measurement were obtained in comparison with the simple use of factory calibration settings. This result is in agreement with studies [11, 47] that concluded that the difficulty especially in sandy soil originates in the pore system's instability in dry conditions and thus affects the a 0 determination. On the contrary, the second approach (obtaining our own calibration equations by direct regression analysis) provided better results than those based on the factory calibration settings. Our own linear and third-order polynomial equations are listed in Table 4 . The better accuracy obtained by application of our own linear and third-order polynomial equations is confirmed by the lower values of AD and RMSE (Table 5) . A graphical comparison of the real volumetric water contents obtained on the basis of the gravimetric method and the volumetric water contents measured by ThetaProbe using factory and our own linear and polynomial calibration equations described in Table 4 is presented in Figure 3 . Figure 3 . Graphical comparison of the real volumetric water contents obtained on the basis of the gravimetric method and volumetric water contents measured by ThetaProbe using factory and our own linear and polynomial calibration equations.
Results for Sensors from the ECH2O Family (Decagon Devices Inc., Pullman, WA, USA)
The soil-specific calibration of the four selected sensors from the ECH2O family (ECH2O EC-10, ECH2O EC-20, ECH2O EC-5, and ECH2O TE) was carried out for sand/soil material using the direct regression approach. Our own linear calibration equations for loose, moderate, and compact packing of sand and moderate packing of soil are displayed in Table 6 . 
Results for Sensors from the ECH 2 O Family (Decagon Devices Inc., Pullman, WA, USA)
The soil-specific calibration of the four selected sensors from the ECH 2 O family (ECH 2 O EC-10, ECH 2 O EC-20, ECH 2 O EC-5, and ECH 2 O TE) was carried out for sand/soil material using the direct regression approach. Our own linear calibration equations for loose, moderate, and compact packing of sand and moderate packing of soil are displayed in Table 6 . The ability of the sensor to provide an accurate soil water content measurement was described graphically (Figure 4 ) and evaluated by the same statistical measures as ThetaProbe; determination coefficient R 2 , absolute difference AD (vol %), and RMSE (vol %). These statistics are summarized in Table 7 and discussed later on. 
Performance Evaluation of Tested Sensors to Measure the Water Content in Saline Conditions
The performance of all tested sensors was also evaluated for their possible use in the field with saline irrigation water. The test was carried out for sandy medium of a dry bulk density of 1.35 g·cm −3 (compact packing). The saline irrigation water was prepared as a solution of 2 g of table salt (NaCl) in 1.0 L of distilled water, creating a solution with electrical conductivity (EC) of 3300 mS·m −1 . The sand was wetted by the salt solution step by step in six or seven stages from dry to ca. 25 vol %. After the measurements at the last stage the sand was dried (the water evaporated while the salt remained) and another wetting procedure with the salt solution started. In total, three rounds of drying/wetting of the sand were carried out, simulating the repeated use of saline water for irrigation. A set of reference data based on non-saline water application was also prepared (salinity 0) and volumetric water contents were used for the "Reference line" construction. Factory linear calibrations (Equation (8) for ThetaProbe and equations displayed in Table 1 for sensors from the 
The performance of all tested sensors was also evaluated for their possible use in the field with saline irrigation water. The test was carried out for sandy medium of a dry bulk density of 1.35 g·cm −3 (compact packing). The saline irrigation water was prepared as a solution of 2 g of table salt (NaCl) in 1.0 L of distilled water, creating a solution with electrical conductivity (EC) of 3300 mS·m −1 . The sand was wetted by the salt solution step by step in six or seven stages from dry to ca. 25 vol %. After the measurements at the last stage the sand was dried (the water evaporated while the salt remained) and another wetting procedure with the salt solution started. In total, three rounds of drying/wetting of the sand were carried out, simulating the repeated use of saline water for irrigation. A set of reference data based on non-saline water application was also prepared (salinity 0) and volumetric water contents were used for the "Reference line" construction. Factory linear calibrations (Equation (8) for ThetaProbe and equations displayed in Table 1 for sensors from the ECH 2 O family) and our own linear calibration equations for sandy material under compact packing (equations displayed in Table 4 for ThetaProbe and in Table 6 for sensors from the ECH 2 O family) were applied to evaluate the ability of the sensor to accurately measure the volumetric water content in saline conditions. Both factory and our own linear calibrations performed quite well for all tested sensors for the first round of the drying/wetting cycle. The more saline the conditions, the higher the AD between the measured and real values of volumetric water contents. Furthermore, with increasing salinity (after the second and third rounds of the drying/wetting cycle), the sensors ECH 2 Table 8 . Probably the best and most stable measurements over the range of all three rounds of drying/wetting cycles with saline water application was provided by ECH 2 O EC-5, regardless of the calibration type (linear or our own). Also, ThetaProbe provided very stable and linearly related results with slightly higher AD than ECH 2 O EC-5 for more saline conditions (after the second and third rounds of the wetting/drying cycle). However, the accuracy of the measurements was within an acceptable range for the first and second rounds of the wetting/drying cycle (RMSE < 5 vol %). The accuracy can be improved in more saline conditions by using salinity-specific calibration because of the stable and linear outcome when relating measured and real volumetric water contents, which were consistently overestimated. A graphical comparison of the ability of the tested sensors to measure the volumetric water content under saline conditions using factory and own linear calibrations is given in Figure 5 .
Analysis of variance based on the RMSE values for measured and real volumetric water contents confirmed some expectations and also revealed some surprising results. The five tested sensors were grouped into two homogeneous groups that performed significantly differently from each other. Good performance was provided by sensors from the ECH 2 O family working on higher frequency (ECH 2 O EC-5, ECH 2 O TE (LS mean cca 1.8 vol %) and ThetaProbe (LS mean cca 4.0 vol %)) but worse performance was seen for the ECH 2 O sensors working at lower frequencies (ECH 2 O EC-10 and ECH 2 O EC-20 (LS mean cca 14.1 vol %)). As expected, the higher the salt content, the higher the value of RMSE; however, ECH 2 O EC-5 also performed very well after the third round of the drying/wetting cycle, not differing much from the reference line when non-saline water was applied (Figures 6 and 7) . A graphical comparison of the ability of the tested sensors to measure the volumetric water content under saline conditions using factory and own linear calibrations is given in Figure 5 . Analysis of variance based on the RMSE values for measured and real volumetric water contents confirmed some expectations and also revealed some surprising results. The five tested Figure 5 . Performance of all tested sensors for three rounds of saline water applications for a sand media and compact packing using factory and our own linear calibration equations. A graphical comparison of the ability of the tested sensors to measure the volumetric water content under saline conditions using factory and own linear calibrations is given in Figure 5 . Figure 5 . Performance of all tested sensors for three rounds of saline water applications for a sand media and compact packing using factory and our own linear calibration equations. Analysis of variance based on the RMSE values for measured and real volumetric water contents confirmed some expectations and also revealed some surprising results. The five tested 
Discussion
Discussion of the Results of ThetaProbe ML2x
The analysis of variance showed a statistically significant relationship between RMSE and both predictor variables (calibration type and packing) at the 95.0% confidence level. The predictor material was removed from the model as it was shown that this predictor does not have a statistically significant relationship with the RMSE. Practically no statistically significant differences were obtained when all types of ThetaProbe calibration were compared ( Figure 8) ; however, some improvement in accuracy was obtained when our own linear and third-order polynomial calibrations were determined using the direct regression approach. The effect of dry bulk density factor (packing) shows the importance of good contact between the probe sensing rods and soil/sand particles, because significantly higher RMSE values were obtained for loose packing (Figure 9 ). All the results indicate the need for our own calibration (direct regression approach) for sand/soil with lower values of dry bulk density.
Recently, wireless sensor network technology has been used for catchment-scale measurements and hydrological processes descriptions, e.g., [48, 49] . According to [11] , ThetaProbe has received acceptance in the remote sensing community for soil water content measurements at the soil surface [50] . The field soil-specific calibrations based on the direct regression approach can lead to more precise outcomes and thus justify its labor and cost. 
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Discussion of the Results for Sensors from the ECH2O Family
When evaluating the performance of sensors from the ECH2O family, it is necessary to mention the fact that the sensors have different sizes, shapes, and operating frequencies. The first two factors are suppressed by the used homogeneous material placed in a large rectangular container of a volume of 10 L. According to the applied operating frequency, the sensors from the ECH2O family can be divided into two groups: (i) sensors operating at a frequency of 70 MHz (ECH2O TE and ECH2O EC-5) and (ii) sensors operating at a frequency of 5 MHz (ECH2O EC-10 and ECH2O EC-20). The same groupings are reflected in the evaluation of measurement accuracy: sensors operating at a higher frequency performed significantly better (average RMSE 3.3 vol % for factory calibration and 1.3 vol % for our own linear calibration; see Table 7 ). The factory calibrated sensors used in loosely packed sand consistently undermeasured the values of volumetric water content when compared to those determined on the basis of the gravimetric method. This was particularly evident for sensors ECH2O EC-10 and ECH2O EC-20, where the absolute differences between the measured and real values ranged between 1.3 and 13.1 vol % (Table 7) . For compacted sand the maximum value of average absolute difference decreased to 7.9 vol %, which is still too high for accurate measurement Recently, wireless sensor network technology has been used for catchment-scale measurements and hydrological processes descriptions, e.g., [48, 49] . According to [11] , ThetaProbe has received acceptance in the remote sensing community for soil water content measurements at the soil surface [50] . The field soil-specific calibrations based on the direct regression approach can lead to more precise outcomes and thus justify its labor and cost.
Discussion of the Results for Sensors from the ECH 2 O Family
When evaluating the performance of sensors from the ECH 2 O family, it is necessary to mention the fact that the sensors have different sizes, shapes, and operating frequencies. The first two factors are suppressed by the used homogeneous material placed in a large rectangular container of a volume of 10 L. According to the applied operating frequency, the sensors from the ECH 2 O family can be divided into two groups: (i) sensors operating at a frequency of 70 MHz (ECH 2 O TE and ECH 2 O EC-5) and (ii) sensors operating at a frequency of 5 MHz (ECH 2 O EC-10 and ECH 2 O EC-20). The same groupings are reflected in the evaluation of measurement accuracy: sensors operating at a higher frequency performed significantly better (average RMSE 3.3 vol % for factory calibration and 1.3 vol % for our own linear calibration; see Table 7 ). The factory calibrated sensors used in loosely packed sand consistently undermeasured the values of volumetric water content when compared to those determined on the basis of the gravimetric method. This was particularly evident for sensors ECH 2 O EC-10 and ECH 2 O EC-20, where the absolute differences between the measured and real values ranged between 1.3 and 13.1 vol % (Table 7) . For compacted sand the maximum value of average absolute difference decreased to 7.9 vol %, which is still too high for accurate measurement (Table 7) . This finding is in agreement with the manufacturer's statement that the factory calibrations for ECH 2 O EC-10 and ECH 2 O EC-20 sensors do not provide sufficiently accurate results and an own calibration is needed. The quality of the own calibration performance is confirmed by the results obtained in this study (Figure 10 ). This is in accordance with the results of Kizito et al. [20] , who concluded that the sensitivity of the capacitance sensors' measurements is primarily affected by their measurement frequency. A statistically significant effect of the material (sand/soil) in which the volumetric water content was measured was observed for sensors operating at a lower measurement frequency of 5 MHz (ECH 2 O EC-10 and ECH 2 O EC-20). Regardless of the applied calibration type, the dry bulk density effect appeared to be significant, especially for the ECH 2 O EC-10 and ECH 2 O EC-20 sensors (Figure 11 ). Similarly to the ThetaProbe, the results show the importance of good contact between the sensors and sand/soil being measured, which the compact packing ensures.
in which the volumetric water content was measured was observed for sensors operating at a lower measurement frequency of 5 MHz (ECH2O EC-10 and ECH2O EC-20). Regardless of the applied calibration type, the dry bulk density effect appeared to be significant, especially for the ECH2O EC-10 and ECH2O EC-20 sensors (Figure 11) . Similarly to the ThetaProbe, the results show the importance of good contact between the sensors and sand/soil being measured, which the compact packing ensures. A significant improvement in recently developed sensors from the ECH2O family ECH2O EC-5 and ECH2O TE was observed in this study. In comparison with the older ECH2O EC-10 and ECH2O EC-20, they are able to measure volumetric water content with good accuracy regardless of the soil type and dry bulk density value. Naturally, if a soil water content sensor is to reach its maximum accuracy, a soil-specific calibration needs to be carried out [51, 52] .
On the contrary, specifically calibrated older sensors ECH2O EC-10 and ECH2O EC-20 can perform measurements with good accuracy of a more representative value as higher volumes of soil/sand are being sampled and averaged to provide volumetric water content reading. Czarnomski et al. [21] , on the basis of a field experiment, concluded that ECH2O EC-20 (in the text designated as affected by their measurement frequency. A statistically significant effect of the material (sand/soil) in which the volumetric water content was measured was observed for sensors operating at a lower measurement frequency of 5 MHz (ECH2O EC-10 and ECH2O EC-20). Regardless of the applied calibration type, the dry bulk density effect appeared to be significant, especially for the ECH2O EC-10 and ECH2O EC-20 sensors (Figure 11) . Similarly to the ThetaProbe, the results show the importance of good contact between the sensors and sand/soil being measured, which the compact packing ensures. A significant improvement in recently developed sensors from the ECH2O family ECH2O EC-5 and ECH2O TE was observed in this study. In comparison with the older ECH2O EC-10 and ECH2O EC-20, they are able to measure volumetric water content with good accuracy regardless of the soil type and dry bulk density value. Naturally, if a soil water content sensor is to reach its maximum accuracy, a soil-specific calibration needs to be carried out [51, 52] .
On the contrary, specifically calibrated older sensors ECH2O EC-10 and ECH2O EC-20 can perform measurements with good accuracy of a more representative value as higher volumes of soil/sand are being sampled and averaged to provide volumetric water content reading. Czarnomski et al. [21] , on the basis of a field experiment, concluded that ECH2O EC-20 (in the text designated as A significant improvement in recently developed sensors from the ECH 2 O family ECH 2 O EC-5 and ECH 2 O TE was observed in this study. In comparison with the older ECH 2 O EC-10 and ECH 2 O EC-20, they are able to measure volumetric water content with good accuracy regardless of the soil type and dry bulk density value. Naturally, if a soil water content sensor is to reach its maximum accuracy, a soil-specific calibration needs to be carried out [51, 52] .
On the contrary, specifically calibrated older sensors ECH 2 O EC-10 and ECH 2 O EC-20 can perform measurements with good accuracy of a more representative value as higher volumes of soil/sand are being sampled and averaged to provide volumetric water content reading. Czarnomski et al. [21] , on the basis of a field experiment, concluded that ECH 2 O EC-20 (in the text designated as EC-20) performed nearly as well as a TDR probe, which is commonly assumed to be one of the most accurate water content probes.
Discussion of the Ability of Tested Sensors to Measure the Water Content in Saline Conditions
Testing of the sensors under saline conditions was performed in three rounds, as described in Sections 2.2 and 3.3. Usually, the use of our own calibration equations for non-saline conditions means a significant improvement in the measurement accuracy of the tested sensors. Surprisingly, this statement is not valid for saline conditions, where, in general, factory linear calibrations consistently performed better than our own calibrations for all three rounds of the drying/wetting cycle with saline water application (Figure 12 ).
Testing of the sensors under saline conditions was performed in three rounds, as described in Sections 2.2 and 3.3. Usually, the use of our own calibration equations for non-saline conditions means a significant improvement in the measurement accuracy of the tested sensors. Surprisingly, this statement is not valid for saline conditions, where, in general, factory linear calibrations consistently performed better than our own calibrations for all three rounds of the drying/wetting cycle with saline water application (Figure 12 ). Although the differences were not statistically significant for each drying/wetting cycle of saline water application, the statistical results need to be checked for individual sensors, as there are big differences between them ( Table 8 ). The own linear calibration for ECH2O TE performed better than the factory linear calibration for all three drying/wetting cycles, while our own calibration for ECH2O EC-5 only did so for the first two cycles. The differences between the RMSE values (factory vs. own) ranged from 0.11 to 1.19 vol % for ECH2O TE and from −0.94 to 1.95 vol % for ECH2O EC-5. ThetaProbe performed better with the factory linear calibrations for all three drying/wetting cycles; the differences between the RMSE values (factory vs. own) ranged from −0.07 to −0.48 vol % for ECH2O TE. The ECH2O EC-10 and ECH2O EC-20 performed similarly, with poor accuracy in saline conditions. The values of RMSE (vol %) increased with increasing salinity, on average from 4.5 vol % to 16.8 vol % for factory linear calibration and from 12.6 vol % to 27.2 vol % for our own linear calibration for non-saline conditions. These high values affected the statistical outcome when evaluating all sensors together in Figure 12 , showing the factory linear calibration as a better choice when compared to the own linear calibration.
The findings of this study are in accordance with Seyfried and Murdock [18] , who tested the adapted ECH2O TE and ECH2O EC-5 sensors for different measurement frequencies. The sensitivity of the tested sensors to given levels of salinity decreased with increasing operating frequency. The differences in accuracy of soil water content measurement between the tested sensors from the ECH2O family can be explained mainly by the differences in their operating frequency. Results obtained by Bogena et al. [3] , who tested the ECH2O EC-5 sensor, showed its sensitivity to bulk electrical conductivity with a maximum error of 6 vol % for bulk electrical conductivity of 1 dS·m −1 and soil water content of 51 vol %. They also stated that the older type ECH2O EC-20 was more sensitive to bulk electrical conductivity than ECH2O EC-5. Scudiero et al. [53] suggested using a newer version of ECH2O TE, ECH2O 5TE, which works at a frequency of 70 MHz for continuous monitoring of soil moisture content and solute dynamics in saline soils. Although the differences were not statistically significant for each drying/wetting cycle of saline water application, the statistical results need to be checked for individual sensors, as there are big differences between them ( Table 8 ). The own linear calibration for ECH 2 O TE performed better than the factory linear calibration for all three drying/wetting cycles, while our own calibration for ECH 2 O EC-5 only did so for the first two cycles. The differences between the RMSE values (factory vs. own) ranged from 0.11 to 1.19 vol % for ECH 2 O TE and from −0.94 to 1.95 vol % for ECH 2 O EC-5. ThetaProbe performed better with the factory linear calibrations for all three drying/wetting cycles; the differences between the RMSE values (factory vs. own) ranged from −0.07 to −0.48 vol % for ECH 2 O TE. The ECH 2 O EC-10 and ECH 2 O EC-20 performed similarly, with poor accuracy in saline conditions. The values of RMSE (vol %) increased with increasing salinity, on average from 4.5 vol % to 16.8 vol % for factory linear calibration and from 12.6 vol % to 27.2 vol % for our own linear calibration for non-saline conditions. These high values affected the statistical outcome when evaluating all sensors together in Figure 12 , showing the factory linear calibration as a better choice when compared to the own linear calibration.
The findings of this study are in accordance with Seyfried and Murdock [18] , who tested the adapted ECH 2 O TE and ECH 2 O EC-5 sensors for different measurement frequencies. The sensitivity of the tested sensors to given levels of salinity decreased with increasing operating frequency. The differences in accuracy of soil water content measurement between the tested sensors from the ECH 2 O family can be explained mainly by the differences in their operating frequency. Results obtained by Bogena et al. [3] , who tested the ECH 2 O EC-5 sensor, showed its sensitivity to bulk electrical conductivity with a maximum error of 6 vol % for bulk electrical conductivity of 1 dS·m −1 and soil water content of 51 vol %. They also stated that the older type ECH 2 O EC-20 was more sensitive to bulk electrical conductivity than ECH 2 O EC-5. Scudiero et al. [53] suggested using a newer version of ECH 2 O TE, ECH 2 O 5TE, which works at a frequency of 70 MHz for continuous monitoring of soil moisture content and solute dynamics in saline soils.
Conclusions
The final selection and application of the particular soil water content sensor is based on a combination of different factors that need to be taken into account: suitability of the sensor for the particular purpose (material type, measured volume, sensor durability, etc.), the required accuracy of the measurement, and, last but not least, the cost. The published experience of others can help with this decision-making process. Research on soil water content measurement is a dynamic process reflecting the need for relatively cheap, precise, and automated systems, especially for irrigation purposes, where saving water has become a very pressing issue. This study evaluated five commercially available and financially affordable soil water content sensors. All five tested sensors (ThetaProbe ML2x produced by Delta-T Devices, Ltd., Cambridge, UK, and sensors from the ECH 2 O family produced by Decagon Devices Inc., Pullman, WA, USA: ECH 2 O EC-10, ECH 2 O EC-20, ECH 2 O EC-5, and ECH 2 O TE) performed very well if the proper calibration was applied. The two-point calibration approach for ThetaProbe did not lead to any measurement accuracy improvement and thus cannot be recommended. On the contrary, application of the direct regression approach has led to an improvement in accuracy for all five tested sensors. Generally, the measurement accuracy increased with increasing value of dry bulk density, emphasizing the importance of good contact between the sensor and the sand/soil. For use in saline conditions, only three out of the five tested sensors can be recommended: ECH 2 O EC-5, ECH 2 O TE, and ThetaProbe. For ThetaProbe applications in saline conditions, when only factory and our own calibrations for non-saline conditions are available, factory calibration leads to more accurate results.
